Abstract-Flow diversion is an emerging endovascular treatment option for cerebral aneurysms. Quantitative assessment of hemodynamic changes induced by flow diversion can aid clinical decision making in the treatment of cerebral aneurysms. In this article, besides summarizing past key research efforts, we propose a novel metric for the angiographic assessment of flow diverter deployments in the treatment of cerebral aneurysms. By analyzing the frequency spectra of signals derived from digital subtraction angiography (DSA) series, the metric aims to quantify the prevalence of frequency components that correspond to the patient-specific heart rate. Indicating the decoupling of aneurysms from healthy blood circulation, our proposed metric could advance clinical guidelines for treatment success prediction. The very promising results of a retrospective feasibility study on 26 DSA series warrant future efforts to study the validity of the proposed metric within a clinical setting.
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I. INTRODUCTION
C EREBRAL aneurysms are pathological dilatations of brain vessels that carry the risk of rupture. Aneurysm rupture leads to subarachnoid hemorrhage, a devastating event that leads to death in the majority of cases and leaves about one third of all survivors in need of lifelong care [1] . Even though nontraumatic subarachnoid hemorrhage accounts for only a small portion of stroke mortality, the loss of productive life years is as large as in ischemic stroke, the most common type of stroke [2] .
Today, a variety of treatment options are available for the clinical management of cerebral aneurysms. The most common are aneurysm clipping [3] , a surgical therapy in which a small metal clip is placed across the aneurysm neck, and coil embolization [4] , an endovascular procedure in which the aneurysm sac is packed with detachable coils. Aneurysm clipping offers the highest long-term patency rates while the associated risk of treatment is lower in coil embolization. The main shortcomings of coil embolization are high recanalization rates, the persistence of mass effects, and thromboembolic complications due to coil migration into the parent vessel, especially in aneurysms with unfavorable anatomy (e.g., wide-necked aneurysms) [5] . To prevent coil migration and allow dense packing of coils, coil embolization can be conducted through a wide-meshed stent which is placed across the neck of the aneurysm [6] .
Flow diversion is an emerging endovascular treatment option for cerebral aneurysms that offers a number of advantages over traditional therapeutic strategies. In particular for aneurysms previously thought to be untreatable, flow diversion has led to remarkable results [7] . Flow diversion aims to cure aneurysms by remodelling the diseased vessel segment that an aneurysm originates from. At least one purpose-designed stent with low porosity and high pore density (called a flow diverter, FD) is placed inside the parent artery across the orifice of the aneurysm. Once in place, the FD acts by mechanical, physiological, and biological means. On a mechanical level, the FD redirects blood flow away from the aneurysm neck such that it remains in the parent artery, slowing down flow inside the aneurysm and thus reducing shear stresses [8] - [10] . In addition, an FD can also favorably change the configuration of the parent artery, thereby changing the aneurysm inflow zone [11] . Physiologically, the disruption of intra-aneurysmal flow promotes blood clotting and thrombus formation. The blood clot is expected to grow in size and eventually occlude the entire aneurysm. As soon as the clot is mature, it may turn into scar tissue and subsequently retract. Thus, a high degree of resolution of the aneurysm mass can be achieved. Aside from these mechanical and physiological effects, an FD also induces a biological process. The surface of the FD offers a scaffold for tissue overgrowth, supporting the development of neointima and endothelial tissue. Eventually, the abnormal opening of the vessel wall is expected to be completely closed, thereby restoring the anatomy of the parent vessel and excluding the aneurysm from the circulation of blood.
The underlying principle of flow diversion for intracranial aneurysm treatment is simple and elegant in nature. Yet, it 0278-0062 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/ redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. represents a major conceptual paradigm shift in that not only the aneurysm itself is the target for treatment, but the diseased vessel segment as a whole. Flow diversion comprises the advantages of being an endovascular approach such as coil embolization, while at the same time reducing the need for placing material inside the aneurysm sac. 1 Especially in fusiform and giant wide-necked aneurysms, where endovascular coil embolization is complicated, flow diversion as an entirely endoluminal approach is thought to offer an effective and safe treatment option [12] .
In spite of the attractive features of flow diversion therapy, it has one major limitation, which is inherent to its healing approach; immediately after treatment the aneurysm is still patent. It has been shown for many cases that FD deployment yields to the occlusion of aneuryms; however, there is no guarantee to this. Current interventional methods cannot sufficiently determine whether an aneurysm is going to be occluded. Hence, until the aneurysm eventually will undergo occlusion, there is-if low-remaining risk of hemorrhage.
This shortcoming of flow diversion gives rise to the clinical need for predicting treatment outcome during the intervention. Currently, the gold standard for deciding upon prospective treatment success is the visual evaluation of 2-D digital subtraction angiography (DSA) series. This highly subjective method is of limited use for the implementation of standard clinical guidelines. It is therefore of high clinical interest to develop methods that, based on DSA series, yield quantifiable indices that describe hemodynamic changes induced by flow diversion therapy.
This paper describes and proposes a novel algorithmic approach towards estimating the efficacy of FD treatments based on DSA series. The approach is based on assessing the level of pulsatility inside the aneurysm before and after FD treatment. To this end, a frequency analysis of signals derived from angiographic series is suggested. This allows quantifying the prevalence of frequency components in the aneurysm signal that correspond to the patient's heart rate.
II. RELATED WORK
In the past, several approaches towards the quantification of hemodynamics in cerebral aneurysms based on angiographic imagery have been proposed. In order to place the approach suggested in this paper into context, this section provides an extended overview of the state-of-the-art. A brief overview of the methods discussed in this section is given in Table I .
A. The SMART Scale
Similar to the Raymond-Roy scale for endovascular coil embolization of cerebral aneurysms [31] , Grunwald et al. proposed the SMART (simple measurement of aneurysm residual after treatment) scale for assessing flow diverter performance [13] . The SMART scale is a simple five-point grading scale specifically designed for the angiographic assessment of aneurysms treated by means of flow diversion. Primary diagnostic criteria for grading are inflow characteristics, amount of contrast agent stasis, and location of stasis. Grade 0, for instance, is assigned to any aneurysm with an early, coherent inflow jet, while grade 4 represents a completely occluded aneurysm. The SMART scale is suggested to be applicable to both saccular and fusiform aneurysms.
The major asset of the SMART scale lies in its simplicity. It can be applied easily without the need for additional technology. It incorporates visual criteria familiar to practitioners, that have additionally been reported to be of clinical significance (e.g., eclipse sign). Furthermore, it offers guidance in terms of cues to pay attention to and boils down several visual impressions into a single grade. With respect to subjectivity, the SMART scale certainly is an improvement over the mere visual assessment of the angiographic scene after FD deployment. Yet, it remains a semi-objective method. The grading may vary significantly between observers, making it difficult to truly assess the performance of such a grading scheme. Moreover, the SMART scale runs risk of oversimplifying the problem at hand. Subtle differences that cannot accurately be represented within the rather coarse grading scheme, may be of critical importance. 
B. Methods Based on Time-Contrast Curve Analysis
A variety of metrics that have been proposed to angiographically assess hemodynamics in cerebral aneurysms are based on the analysis of time-contrast curves (TCC). A TCC is a discrete-valued time series obtained by extracting the average image intensity value over time within a region of interest (ROI) of a DSA series. Often, specific mathematical models are fitted to the raw TCC in order to yield a continuous curve. TCCs extracted from ROIs covering the inside of a cerebral aneurysm in DSA series acquired before and after FD treatment are commonly considered in order to assess hemodynamic modifications induced by FD deployment. To this end, curve parameters derived from each respective TCC can be investigated.
1) Direct Evaluation of TCC Parameters: All TCC-based methods described in this section use subsets of the same set of curve parameters. Commonly used parameters are, for instance, time to peak (TTP), time to half peak ( ), mean transit time (MTT), full-width at half-maximum (FWHM), average inflow (IF), average outflow (OF), and wash-out time (WOT) (cf. Fig. 1 ). While the curve parameters that were considered in the individual methods are roughly the same, they differ in their choice of model fitted to the raw TCC. Moreover, different normalization schemes were investigated and the selection of ROIs varied in between studies.
Tenjin et al. [14] investigated blood flow velocities in 31 cerebral aneurysms by means of TCCs extracted from DSA runs acquired at 30 frames per second (fps). In addition, velocity estimates were obtained in regions proximal and distal to the aneurysm on the parent artery. For this purpose, ROIs proximal and distal to the parent artery as well as on the aneurysm itself were selected. TTP, , and MTT were used as curve parameters. For the calculation of TTP, the TCC was fitted to a gamma-variate function. In case of MTT, the TCC was numerically integrated and the MTT was defined as of the integration curve. The results suggested that velocities inside smaller aneurysms are faster than inside larger aneurysms. There was no significant difference in MTT,
, and MTT of the TCCs from the ROIs on the parent artery and the aneurysm itself.
Asakura et al. [15] assessed the blood flow in cerebral aneurysms before and after they had undergone endovascular coil embolization. DSA sequences acquired at 6 fps were used and TCCs were extracted from ROIs inside the aneurysm. A two-exponential model that describes the change of contrast agent over time, during both the wash-in and wash-out phase of contrast, was fit to the time-contrast data points. The exponential-coefficient of the wash-in curve was then used as an estimate for intra-aneurysmal blood flow. A significant decrease of this parameter was found in small aneurysms treated with coil embolization.
Wang et al. [16] , [17] aimed at documenting the effect of contrast settling in aneurysm domes by means of TCC parameters. The term contrast settling describes an effect that is presumably caused by gravity and the density difference between contrast agent and blood. In an in vitro study, one ROI was delineated on the proximal part (ROI-2) of the parent artery and one on the aneurysm sac (ROI-1). As curve parameters, the maximum value and WOT were used. The maximum value was calculated from a polynomial fit to the peak region and the WOT from an exponential fit to the trailing part of the curve. Both curve parameters seemed to be good indicators for contrast settling. Furthermore, Wang et al. attempted to minimize the variations of hand injection in the aneurysm TCC (ROI-1) by deconvolution with the inflow TCC (ROI-2).
Ionita et al. [18] - [20] presented a TDC-based method that is directly concerned with assessing intra-aneurysmal contrast flow modifications induced by FD treatment. 2 Novel asymmetric flow-diverting stents were placed across the neck of cerebral aneurysms created in animals. To obtain a normalized TDC (NTDC), the TDC extracted from each aneurysm was normalized by the total amount of contrast agent passing through the vessel segment and the contrast velocity, which was found by means of a bolus-tracking algorithm [32] .
In one study [18] , the maximum value of the NTDC was chosen as the only curve parameter. In addition, the ratio of maximum values before and after FD treatment was calculated. The obtained ratios of the maximum values of preand post-treatment NTDCs suggested a radical reduction in intra-aneurysmal contrast flow.
In another study [19] , maximum value, TTP, MTT, IF, and WOT were investigated as curve parameters. Pre-post ratios were derived as well. The curve parameters were calculated from a linear fit to the rising part and an exponential fit to the trailing part of the NTDC. While all curve parameters indicated reduced aneurysmal flow after FD deployment, the correlation with the treatment outcome was more successful for curve parameters that were related to the contrast bolus injection (maximum value and IF) than for time-related parameters (WOT, MTT, TTP).
Struffert et al. [21] conducted an animal study where TCCs before and after endoluminal treatment were extracted from DSA series of elastase-induced aneurysms in rabbits. The treatment consisted of either the deployment of a conventional intracranial stent or an FD. A single ROI covering most of the inside of the aneurysm was delineated in each DSA series. The model chosen to obtain smooth TCCs was equal to the one presented by Sadasivan et al. [22] . TTP, FWHM, IF, and OF were selected as curve parameters. In addition, the obtained TCCs were also evaluated visually. TTP and FWHM were found to be significantly decreased after FD deployment. The effect on TTP and FWHM was less in case of treatment with a conventional stent. IF and OF were significantly reduced in aneurysms treated with an FD, while the reduction was less in conventionally stented aneurysms. Visually, a clear distinction between TCCs from before and after treatment could be made. Furthermore, practitioners were able to differentiate between TCCs extracted from aneurysms treated with a conventional stent and those treated with an FD.
In general, direct TCC parameters can be efficiently obtained and thus pose a feasible alternative to nonquantifiable criteria for FD treatment evaluation. Yet, their usefulness is uncertain since the body of published evidence is small and inconsistent. There is evidence suggesting that some simple parameters such as contrast stagnation which are accessible by direct evaluation of TCC parameters are not a good predictor for FD treatment success [29] . Most TCC-based methods neglect advanced properties of TCCs such as variability induced by the cardiac activity, which our approach focuses on (cf. Section III-A). Apart from parameter selection, choosing a suitable model to fit the TCCs is a challenge for methods that directly evaluate TCC parameters. The TCC-based methods described thus far employ models that were chosen empirically and lack physical justification.
2) Washout Coefficient: The washout coefficient proposed by Sadasivan et al. [22] - [27] is a TCC-based metric for assessing the performance of FD deployments. In contrast to other methods reviewed in this paper, the model that is fit to the TCC data points is justified by fluid dynamics considerations. In addition, several parameters are incorporated into a single index, called the washout coefficient, which is thought to serve as a predictor for treatment success. The parameters that are included in this coefficient are a subset of the best-fit parameters obtained from function fitting; i.e., none of the other standard curve parameters as described above (e.g., TTP, IF, etc.) are considered.
To calculate the washout coefficient, first a mathematical model is fit to a TCC extracted from an ROI covering the aneurysm sac (1) This mathematical model can be split into two parts, the convective component and the diffusive component . The two fluid dynamics processes, advection and diffusion, that govern the transport of contrast agent into and out of the aneurysm are thus what is being described by the two components of this model. The first part models contrast medium that enters and leaves the aneurysm by means of advection. Advection in this context means that contrast agent is carried away by the bulk motion of the flowing blood. Mathematically, is expressed as a normal distribution convolved ( ) with an exponential decay. The second part models the diffusive transport component which is expressed as a sigmoid function and, again, an exponential decay. As an approximation to the integral of a normal distribution, the sigmoid function represents contrast medium that is advected into the aneurysm and trapped inside until it diffuses into outward flows.
The modelling follows the assumption that the proportions of advective and diffusive transport are reversed by the placement of an FD. Before FD treatment, contrast agent transport in and out of the aneurysm is assumed to be mainly governed by advection. In contrast, after FD deployment contrast agent transport is expected to be predominantly controlled by diffusion.
Six parameters have to be optimized in order to fit the model to the data. and apply to both the convective and diffusive component and are thus not useful for detecting proportional changes between the two parts. The other four parameters, however, can be employed for such a task. The parameters and represent the relative magnitudes of convective and diffusive transport, respectively. Before FD placement and afterwards is expected. and stand for the (absolute) time constants of the exponential decay in the convection and diffusion component, respectively. After FD treatment an increase in both, with a stronger increase in , is expected to be observed.
While the fitting of the fluid dynamics based model is far more central to this method than to the other TCC-based methods that have been presented here, it is still just a prerequisite for deriving the actual washout coefficient. The washout coefficient is defined as [25] (2)
where represents the amplitude of the sum of the convective and diffusive components, and and are the relative magnitude and time constant of the diffusive component, respectively. All quantities are obtained post-treatment and the % sign indicates that they are expressed as percent ratios to the respective values before treatment. In some studies, the aforementioned mathematical model was fit to TCC data but the actual washout coefficient was not computed. Instead, the best-fit parameters and their ratios before and after treatment were compared directly [22] , [26] .
The best-fit parameters of the model have been proven to correlate well with PIV measurements [24] . In an animal study, the predictive value of the washout coefficient was assessed [23] . It was suggested, that predicts a probability greater than 97% of complete aneurysm occlusion after six months (SE 73%, SP 82%).
The fluid mechanical justification is what sets apart this approach from other TCC-based methods. The definition of the washout coefficient, however, is problematic since it leads to inconsistencies, which, for instance, make this metric inapplicable to control aneurysms. For an untreated control aneurysm, the washout-coefficient is equal to one ( ). On the other hand, it was suggested that predicts a high rate of aneurysm occlusion. An untreated aneurysm is highly unlikely to belong to the cohort of aneursyms that have successfully been occluded, therefore cannot be a reliable predictor for aneurysms with .
3) Intra-Aneurysmal Flow to Arterial Flow Ratio:
Jou et al. [28] recently proposed a technique which attempts to assess the ratio of the intra-aneurysmal flow to the flow rate in the parent artery. The technique is based on the analysis of DSA series as well as a volume reconstruction of the diseased vessel segment obtained from a 3-D rotational angiography (3DRA) run. Two ROIs, one proximal and one distal to the aneurysm neck, were selected (ROIs and ). Optionally, a third ROI covering the inside of the aneurysm was delineated (ROI ). To determine the associated volumes of the ROIs, they were projected back onto the vessel volume obtained from the 3-D reconstruction. For each ROI, a TCC was extracted and normalized by the ROI volume. The signals obtained in this manner for the proximal ( ), distal ( ), and aneurysm ( ) ROI were assumed to be proportional to the concentration of contrast agent in the respective ROI.
Subsequently, the balance of contrast medium could be stated as (3) where ,
, and represent the flow rates in each of the ROIs , , and , respectively. The parameter renders the concentration of contrast agent leaving the aneurysm proportionally dependent on the concentration of contrast agent inside the aneurysm ( ). Subsequently, the intra-aneurysmal flow ratio was defined as the ratio of the inta-aneurysmal flow to the flow rate in the parent artery (4) Through further intermediate mathematical steps, this -number was derived for seven unruptured cerebral aneurysms and compared to the same ratio obtained from CFD simulations. The correlation was reported to be very good in case of 30 fps DSA series and worse when conducting the same experiment with a downsampled version of the series (15 and 7.5 fps).
It was suggested, that a high implies a larger intraaneurysmal flow ratio and often represents a system where the plots of and are likely to not resemble each other in appearance. Furthermore, in cases of being high, was reported to exhibit a stronger cardiac variation, thereby resembling the inflow curve . In contrast, a smaller would imply a smaller intra-aneurysmal flow ratio and and curves that look alike. Beat-to-beat variation of was reported to be less in cases of a smaller , which indicates a decoupling of the aneurysmal flow from the flow in the parent artery.
Jou et al. went beyond the direct assessment of curve parameters by considering the beat-to-beat variation in the derived signals. Our methodology adopted this idea since it potentially provides more insight into hemodynamic modifications induced by FD treatment. A drawback of the technique proposed by Jou et al. is that a volume reconstruction obtained from a 3-D DSA run is a prerequisite for deriving the metric, which adds time and effort to the workflow.
C. Methods Based on Optical Flow Estimation
The dynamic behavior of contrast agent in a DSA series can be assumed to be closely coupled to the flow of blood in the observed vasculature. To quantify blood flow based on DSA series, it seems thus appropriate to estimate contrast agent motion in the respective vessel segment. Obviously, spatial resolution constraints prohibit the tracking of individual particles. Given a modest injection rate, however, the contrast medium diluted in the bloodstream exhibits local brightness patterns whose apparent motions can be estimated by means of specific optical flow (OF) algorithms. This perceived motion can be regarded as being dependent on the actual 3-D flow of blood. Therefore, estimating 2-D velocity fields by means of OF algorithms can be used to gain insight into blood flow conditions in the diseased vessel segment.
OF estimators aim at recovering the perceived 2-D motion of image features in a scene by computing a displacement field of corresponding pixels from at least two subsequent images and of the scene. The classic 2-D OF constraint assumes constant brightness of two corresponding pixels; i.e.,
By linearization through a first-order Taylor series expansion of the right-hand side of (5), we arrive at (6) where and . In case of image sequences comprising well-defined objects and salient features, the brightness constancy assumption is reasonable. In the context of recovering OF from transmittance imagery of fluid flow (e.g., DSA series), however, brightness constancy is easily violated. It was thus suggested to replace the OF data term [(6) ] by a more physically justified constraint based on conservation of mass [33] , [34] . The amount of attenuation of a fluid such as blood is generally related to the density of a physical quantity dispersed in the fluid. In case of DSA series, the density of contrast agent particles represents this quantity. The contrast agent is advected by the blood flow, a transport process that respects the conservation of mass constraint. Thus, the continuity equation can be set up for the density of contrast agent (7) where is the divergence operator and is the 3-D velocity field. The continuity equation in this form simply states that the temporal change in density is equal to the flux of density through the boundary of an infinitesimal volume. For image formation processes similar to X-ray imaging, it can be shown [33] that the continuity equation is still satisfied in 2-D, when replacing the density with the image intensity (8) with being the density-weighted average along an imaging ray and assuming no normal flow out of the specimen [35] . In contrast to (6) , (8) represents a physically justified data term that is possibly more suitable for recovering fluid flow from angiographic imagery.
For each pixel, (8) needs to be solved for two unknown variables ( and ), rendering it ill-posed. In order to obtain a well-posed problem, additional constraints need to be considered. Typically, spatial coherence is assumed, meaning that neighboring pixels share the same velocity. This implies a smoothly varying motion field estimate. Regularization in variational optimization schemes is often conducted by searching for solutions that minimize the energy functional (9) on the image domain . It can be shown [36] that the minimization of (9) is equivalent to the minimization of (10) a first-order div-curl regularizer. Therefore, OF estimators that minimize (9) (e.g., [34] ) penalize nonlaminar flow, where and . The mean aneurysm flow amplitude (MAFA) index introduced by Pereira et al. [29] is a related OF-based technique. To derive the MAFA index, the time-averaged estimated velocity in an ROI covering the aneurysm sac is first computed. An OF estimator similar to [34] is employed for this purpose. To assess differences induced by FD placement, the MAFA ratio is then defined as (11) where and are the time-averaged estimated velocities from DSA series acquired before (pre) and after (post) treatment. and represent the estimated volumetric flow in the parent artery estimated before and after FD placement, respectively. is determined by obtaining the cross-sectional area in an ROI on the parent artery from a 3-D reconstruction of the vessel and combining this information with velocity estimates from OF computations inside this ROI.
It was attempted to compute the MAFA ratio based on 24 DSA runs (60 fps) before and after treatment. To assess the predictive value of the MAFA ratio, the computed values were correlated with the clinical outcome at follow-up. Pereira et al. concluded that the optimum threshold for the MAFA ratio to predict aneurysm occlusion at 12 months was 0.96 ( , ACC 90%) for those cases where flow parameters could be obtained.
In the case of fluid flow, where regions with highly nonlaminar flows can be as prevalent as regions with laminar flows, a first-order regularizer that penalizes nonlaminar flow can be disadvantageous. To this end, Corpetti et al. [37] proposed the use of a second-order div-curl regularizer [38] (12) in addition to using the data term given in (8) . This regularizer promotes smoothly varying divergence and curl fields instead of penalizing nonlaminar flow estimates. Our group recently proposed an OF-based approach for the angiographic analysis of FD efficacy [30] . Following [37] , an OF estimator designed for recovering fluid flows was employed since it was assumed to be advantageous in case of turbulent flows. Apart from the time-averaged velocity in aneurysm ROIs, several other metrics derived from the estimated flow fields were studied. Normalization with respect to incoming blood flow was conducted by estimating flow in an ROI covering parts of the parent artery, proximal to the aneurysm. In this setting, a 3DRA acquisition was not a prerequisite, a factor that could benefit integration into clinical workflow. Initial results yielded by a feasibility study on 34 DSA series were encouraging. Fig. 2 gives a visual impression of one of the results obtained.
Approaches that employ OF estimation for FD treatment evaluation are appealing since they aim at directly recovering parameters of the projected blood flow field. The main drawback is the computational effort involved in recovering flow field estimates, which is an inherently ill-posed problem requiring complex regularization, unobstructed views and high DSA frame rates (up to 60 fps are used in [29] ). Computation of the MAFA ratio requires a 3-D volume reconstruction from a 3-D DSA run that needs to be acquired in addition to the preand post-treatment DSA runs, thereby adding time and effort to the workflow.
III. THEORY AND METHODS

A. Conceptual Basis
In a typical clinical setting, oscillating patterns modulated on top of the general outline of TCCs can often be observed. These modulations of the TCCs are mostly caused by the cardiac cycle. During the contraction of the heart (systole), the amount of blood entering the vessel segment of interest increases. Thus, given a constant rate of contrast agent injection, the net contrast agent concentration decreases. Therefore, during systole, the TCC declines and assumes a local minimum. The opposite is true during diastole, the relaxation of the heart. Here, the contrast agent concentration in blood increases and thus the TCC rises and reaches a local maximum. Fig. 3 shows an illustration of a TCC that exhibits such a beat-to-beat variation. Besides a reasonably selected frame rate, the modulations due to the cardiac cycle are only visible if the contrast agent concentration is sufficiently low and the injection duration suitably long. Otherwise, the modulations are prone to be hidden by saturation effects.
Soon after the advent of DSA, attempts were made to extract information from such beat-to-beat variations [39] . Quantifying by how much a TCC corresponding to an ROI placed on top of a cerebral aneurysm fluctuates with each cardiac cycle, has, to our knowledge, not been studied before. Such quantification could be beneficial when assessing the efficacy of FD deployments. When deriving a parameter that does not depend on the absolute contrast medium concentration, the relative amount of blood entering the aneurysm during each cardiac cycle could be studied. A decrease in relative blood volume entering the aneurysm after FD deployment compared to the same quantity before treatment could be regarded favorably for inducing thrombus formation. If, in addition, the amount of beat-to-beat variation in the parent artery is incorporated into this parameter as a normalization factor, it could be considered a quantity that detects the amount of coupling of the aneurysm to the parent artery. A decrease of the parameter derived from a TCC placed on top of an aneurysm relative to the same quantity derived from a TCC of an ROI on the parent artery, could then indicate a decoupling of the aneurysm from the healthy circulation of blood.
In this paper, a metric is proposed that aims at capturing the change in beat-to-beat variations between two TCCs extracted from an ROI covering the same anatomy, but at different points in time. The metric is retrospectively applied to pairs of DSA series of cerebral aneurysms, whereby one DSA series was acquired before and the other was acquired after FD treatment. It is suggested that this metric can offer predictive value with respect to determining clinical outcomes of cerebral aneurysms treated with FDs.
When seeking to assess the variation induced by the cardiac cycle, one can compute the difference between the end-diastolic value (EDV) and the end-systolic value (ESV) of the TCC. The EDV is the value that the TCC attains right before a contraction of the heart (local maximum of the TCC), while the ESV is the value that the TCC attains right after a contraction of the heart (local minimum of the TCC). When trying to compare this difference obtained from two different TCCs, one needs to scale the quantity with respect to some base-level. Given a constant volume, the absolute difference between EDV and ESV depends on both the volumetric difference and the total contrast agent concentration in the volume. Therefore, relative differences instead of absolute differences should be used in comparative studies.
To compute the difference between EDV and ESV, it is possible to extract both of them from a TCC and subtract them. In order to get a better estimate, the average value of the differences at a number of different heart cycles can be computed [39] . From a signal processing point of view, this problem can be approached by considering the representation of the TCC in frequency domain. When thinking about the TCC as a composition of sinusoids, we may consider the difference between EDV and ESV as the amplitude of the sinusoidal component that has a frequency equal to the heart rate. In other words, a TCC that exhibits a pulsatile pattern is expected to have a high amount of energy in its power spectral density (PSD) [40] at a frequency corresponding to the heart rate. We therefore suggest to quantify pulsatile variations of a TCC induced by the cardiac cycle by estimating its PSD and subsequently averaging the power over a range of frequencies around the heart rate. To assess the change in the amount of pulsatility, the amount of energy at frequencies around the heart rate is compared between TCCs extracted from ROIs covering the inside of an aneurysm before and after FD treatment. Fig. 4 outlines this process.
B. Pulsatility Ratio
For estimating the PSD of a TCC, the periodogram estimator was used [40] , which is a PSD estimator based on the discrete Fourier transform (DFT). The pulsatility of a TCC with respect to a certain frequency range was defined as the average of the periodogram at frequencies within this range (13) where and are the lower and higher bounds of the frequency range, respectively, the bin width of the DFT ( , where is the sampling frequency and the number of samples),
, and the periodogram estimator of the TCC (as, for example, defined in [40] ) (14) Furthermore, the pulsatility ratio was defined as the reciprocal ratio of the pulsatility before ( ) and after ( ) FD deployment (15) which means that indicated a decrease in pulsatility after treatment. The frequencies and have been omitted in (15) . In our experiments, they have been chosen to be the same in and . In general, however, they are allowed to change to account for, for instance, a change in the patient's heart rate. Fig. 4 . Two ROIs are delineated in DSA series acquired before and after treatment. TCCs are extracted from both ROIs and preprocessed (1). PSD is estimated for both TCCs (2) . PSD estimates are compared with respect to a certain frequency range around the heart rate (3). The same process can be repeated for ROIs on the parent artery, proximal to the aneurysm (not shown). This proximal ratio can then be incorporated into the comparison as a normalization factor. covers the inside of the aneurysm and covers parts of the parent artery proximal to the aneurysm. Both images represent maximum opacification plots of the respective series.
To compute the of a TCC extracted from an ROI covering the inside of an aneurysm ( ), ROIs in the aneurysm were selected in DSA series acquired before and after FD deployment ( and ). Optionally, ROIs on the parent artery proximal to the aneurysm were selected in both series ( an ). Fig. 5 shows an example of how those ROIs were selected.
Subsequently, the of TCCs extracted from and was computed (16) In the same manner, the of TCCs extracted from and was computed (17) By combining (16) and (17), the inflow-normalized pulsatility ratio, , was defined as the product of and (18) If, for instance, , would equate to 1 (no net change).
In the standard case, the TCC of an ROI was computed as the average of the TCCs of all pixels contained in the ROI. This practice corresponds to the coherent averaging of multiple DFTs in frequency domain. Due to the linearity of the DFT, the computation of just one DFT is necessary after having averaged the pixel-individual TCCs.
While being computationally efficient, this approach can be problematic since it assumes that the individual TCCs have constant phase [41] . To ease this assumption while still maintaining the benefits of spatial averaging, a method based on the averaging of several periodograms derived from the same ROI is proposed as well. In this method an ROI was decomposed into several small neighborhoods. Fig. 6(b) shows an example of such a rasterization. For each of the neighborhoods a periodogram was computed by averaging the TCCs of each pixel in the respective neighborhood. The periodogram of the entire ROI was then defined as the average of the periodograms of the neighborhoods. A checkerboard pattern was used to partition an ROI into multiple square neighborhoods of the same size. To avoid neighborhoods consisting of very few pixels, a threshold for the minimum number of pixels in a neighborhood was incorporated. 
C. Preprocessing
In order to avoid substantial leakage of very low frequency components into higher frequency components, the obvious overall trend (the wash-in and wash-out of contrast agent) was removed from the TCC. This was done by low-pass filtering the TCC in time domain and subtracting the filtered TCC from the original TCC. For this purpose, a moving average filter with a window size of was used. The signal boundaries were padded by constant replication of the respective boundary value on either side of the signal. Fig. 7 (a) illustrates this preprocessing step using an example of a raw TCC and its low-pass filtered counterpart.
With this method, the large slope during the inflow of contrast agent seemed to cause artifacts in the amplitudes of the beat-tobeat variations. Therefore, the rising part of the TCC was cut off.
In order to remove the dependency of the amplitude of the beat-to-beat variations on the total contrast agent concentration in the ROI, the resulting curve was divided by the mean value of the original TCC.
The last step in preprocessing the TCC was data windowing by means of a Hamming window (a window coefficient of was chosen empirically). The periodogram method was used to estimate the PSD of the preprocessed TCC. Fig. 7(b) gives an example of a fully preprocessed TCC.
For the subsequent Fourier analysis, all signals were zeropadded in order to yield a signal length equal to a power of two.
D. Experimental Setup
In a first experiment, and were calculated from 13 pairs of DSA series of cerebral aneurysms. In each case, one DSA series was acquired before and one after FD treatment. Contrast agent was delivered using a power injector (5 mL/s over 2 s at 300 pci pressure for a total of 10 mL, no dilution, 300:100 standard opaque material), X-ray delay was 1-1.3 s. While the amount of contrast was not as small as suggested by Jou et al. [28] , the extracted TCCs still exhibited significant pulsatile variability [cf. Fig. 7(a) ]. In some cases, cardiac variability patterns were more prevalent during the washout phase. This could be attributed to a contrast saturation effect as described by Ford et al. [42] in which pulsatile flow needs a short period of time to redevelop after contrast injection.
For this initial pilot study, we deliberately chose to apply the proposed metric on a rather diverse set of cerebral aneurysms, also featuring cases that were assumed to be challenging for the methodology. The aneurysms varied in size (small to giant) and shape (saccular, bifurcation). Table II provides an overview of the DSA series under investigation. DSA series of aneurysms in which vascular structures were superimposed on the aneurysm sac were included in the data set as well as cases where endovascular devices were visible. The frame rate of the DSA series was either 30 (A1) or 15 fps (A2-A13). Series A10 and A11 belonged to the same biplane DSA run. ROIs on the aneuysm and on the parent artery proximal to the aneurysm were delineated manually in a maximum opacification plot of each DSA series (cf. Fig. 5 ). The selection of ROIs was conducted regardless of superimposed vessels. It was attempted to delineate approximately the same ROIs in each pre-and post-treatment pair of DSA sequences. Since the study was conducted retrospectively, the heart rate during the DSA acquisitions was not accessible and thus assumed to be unknown. To cover a broad range of heart rates, and were thus chosen [cf. (15) ]. In a real setting, and would be adjusted to the patient's heart rate (cf. Section III-B) . With , a frame rate of 15 fps adequately satisfies the Shannon sampling theorem up to the third harmonic (7.5 Hz), while a frame rate of 30 fps is able to catch up to the sixth harmonic. On average, however, we expect a patient's heart rate to be well below 2.5 Hz. Assuming a heart rate of 90 bpm (1.5 Hz), for instance, a sampling rate of 15 fps would allow a capturing of up to the 5th harmonic, 30 fps even of up to the tenth harmonic. TCCs were extracted by means of averaging the TCC of each individual pixel within an ROI. The preprocessing of TCCs was conducted in the same manner as described above. In a second experiment, the same methodology as in the first experiment was applied to the same set of DSA series, except that the ROIs were rasterized as described above and illustrated in Fig. 6 . A neighborhood size of 5 5 pixels and a minimum number of 25 pixels in each neighborhood was chosen during rasterization with a checkerboard pattern. The periodogram computation for the whole ROI was carried out in the same way as described in the experiment above.
In summary, the two experiments yielded, respectively, for each case A1-A13, the quantities , , and ; once derived from unrasterized and once from rasterized ROIs.
IV. RESULTS AND DISCUSSION
A. Results
The pulsatility ratio and the normalized pulsatility ratio were successfully calculated based on ROIs selected in 13 pairs of DSA series of cerebral aneurysms, each acquired before and after FD treatment. The quantities , , and that were derived from the pulsatility in the aneurysm and parent artery before and after FD deployment are given in Table III. A comparison of  and can be visually assessed in Fig. 8(a) . The average value of was 1.45, the median 0.52 (SD 2.10). In case of , the average was 6.09 and the median 1.06 (SD 11.49). The large standard deviations and differences between the mean and median are mainly due to A5 and A6. In both cases, are an order of magnitude higher than in the other cases. When omitting cases A5 and A6 from the statistical Fig. 8 . Bar plots of (red) and (blue). A value above 1 (dashed line) corresponds to an increase in pulsatility after FD deployment while a value below 1 corresponds to a decrease. Please refer to the electronic version of this article for color figures. (a) (red) and (blue) for all 13 pairs of DSA series (A1-A13). Same plot without the outliers A5 and A6 is depicted in Fig. 8(b) . (b) Same as Fig. 8(a) , but without cases A5 and A6. evaluation, the mean of was 0.85, median 0.31 (SD 0.96), and the mean value of was 1.22, median 0.58 (SD 1.26). Still, the average values are influenced by case A4, which could also be regarded as an outlier. Overall, however, the results indicate a decrease of pulsatility in the aneurysm after FD treatment.
In the same manner as Fig. 8(a) , Fig. 8(b) shows a comparison of and , but without cases A5 and A6. Fig. 9 shows maximum opacification images of DSA series corresponding to A5 and A6. The parent vessel and several other vascular structures are superimposed onto the aneurysm in case of A5. A6 refers to a giant aneurysm which represented the largest aneurysm considered in this experiment.
The cases A10 and A11 are based on the same biplane DSA run and both exhibit decreased pulsatility after FD treatment. While sharing this same trend, the derived ratios are different from each other: was 0.25 for case A10 (0.18 for case A11) and was 0.51 (0.23). Fig. 10 depicts images of DSA series corresponding to the cases A1, A4, and A7. In all three cases, endovascular instruments seem to cause artifacts in the DSA acquisitions. In case of A1, an endovascular device can be seen in the parent artery, while in A4 and A7, a catheter seems to protrude into the inside of the aneurysm. Cases A1, A4, and A7 all belong to a group of (red) and (blue) for all 13 pairs of DSA series (A1-A13) derived from rasterized ROIs (cf. Fig. 8(a) ). A value above 1 corresponds to an increase in pulsatility after FD deployment, while a value below 1 corresponds to a decrease. Please refer to the electronic version of this article for color figures.
aneurysms where the pulsatility ratio was markedly increased after treatment (cf. Fig. 8(a) and (b) and Table III) .
The same experiment was successfully repeated with rasterized ROIs (cf. Fig. 6) . , , and computed from the pulsatility in the aneurysm and parent artery before and after FD deployment, respectively, are also given in Table III . The average value of was 0.68, the median 0.53 (SD 0.45). In case of , the average was 0.84 and the median 0.76 (SD 0.64). A comparison of and derived from rasterized ROIs can be visually assessed in Fig. 11 .
In comparison to the same ratios derived from unrasterized ROIs (cf . Table III) , mean and median were significantly closer to each other. Also, the standard deviations were markedly smaller. Both pulsatility ratios indicated a significant reduction in pulsatility after FD treatment.
The cases A5 and A6, whose pulsatility ratios were strong outliers in case of unrasterized ROIs, were brought down to reasonable levels. Cases A2 and A4 which seemed to be problematic with respect to unrasterized ROIs could be regarded as being inconspicuous. In case A7, however, pulsatility measurements in the parent artery seemed to be implausibly high. As was the case when using unrasterized ROIs, case A10 and A11 share the same trend, but differ in their actual ratios.
The DSA series corresponding to case A8 is interesting due to its angulation. The contrasted parent artery is superimposed onto most of the aneurysm sac. However, the overlap is different from, for example, case A5 [cf. Fig. 9(a) ]. The aneurysm in case A8 seems to almost coincide with the parent artery that is overlaid without an interruption (unlike in case A5). Both and (and therefore ) are close to 1 (0.98 and 0.97). When employing unrasterized ROIs, this was not the case.
As a comparison of the various methods that can be employed in order to obtain a pulsatility ratio, Fig. 12 gives several box plots. Box plots of and obtained from unrasterized ROIs and rasterized ROIs in the 13 cases (A1-A13) are shown.
B. Discussion
Overall, the obtained results encourage to further investigate the change in pulsatility variations before and after FD deployment. Before discussing the results in detail, it is important to comment on the datasets that were studied.
Most importantly, the DSA series used in the experiments were not specifically acquired for this purpose. Therefore, little was assumed about the exact acquisition procedure. For instance, the heart rate of the patient at the time of acquisition was unknown. Of course, the heart rate is an important parameter in the proposed technique. To overcome this predicament and in order to cover a variety of different heart rates, the same (wide) frequency band was used in all 13 pairs of DSA series. This can likely be improved. For future experiments, it is thus desirable to record the patient's heart rate at the time of acquisition. As patients are routinely monitored for heart rate during the procedure, this information could be obtained at little cost and without affecting the therapeutic effects of the intervention in a negative way. In case of a known heart rate, the frequency band at which the various periodograms are compared could be made adaptive. Such a modification is likely to be useful when considering different cases, but might also be beneficial in patients where the heart rate differs before and after treatment. Incorporation of the true heart rate leads to an increase in patient specificity of the proposed quantity. Therefore, we would indeed expect robustness and performance to increase in this scenario.
Another factor that might be crucial, but could not be defined a priori and specifically to comply with the requirements of the experiments at hand, is the contrast agent injection protocol. For the proposed method, it would be favorable to deliver just a small amount of contrast agent over a long time period. In the presented study, a constant injection rate of 5 mL/s over 2 s at Table III) . In (a), all cases A1-A13 were included while in (b), the cases A5 and A6 were omitted. Shown is the lower quartile Q1, the median Q2, the upper quartile Q3 and the largest ratio still within ( ). Outliers are not shown. The effect of omitting the outliers [cases A5 and A6, cf. Fig. 8(a) ] is particularly large in case of ratios derived from unrasterized ROIs. 300 pci pressure was used and resulted in signals exhibiting significant pulsatility. A lower injection rate (e.g., only 2 mL/s in the internal carotid artery [28] ) was proposed by different sites. When using higher injection rates, signal variation is prone to be reduced due to saturation and temporary disruption of pulsatility [42] . For future studies, an automated injection with a high degree of reproducibility and a low injection rate is advisable. A comparably minor factor, but still one that needs to be considered, is the location of the catheter tip during contrast agent injection. The injection site should be sufficiently far away to guarantee good mixing of contrast medium and blood [43] . Furthermore, an injection site that is too close to the investigated ROI is likely to influence the measured blood flow significantly. While prospective in vivo studies are most desirable, modifications to the DSA acquisition protocol that may potentially affect the patient or operator safety or the therapeutic intervention and its outcome must be carefully made and adhere to ethical standards for responsible medical practice.
Finally, the number and selection of the DSA series used during the experiments itself is disadvantageous for deriving quantities that could stand-up against scrutinizing. The wide diversity of aneurysms in the cohort studied here was, however, deliberately chosen. To get a first impression of what a technique might be capable of, this is certainly permissible. Still, the number of data points and their broad scattering should be reconsidered if, in the future, it is desired to evaluate the technique with respect to specific parameters.
These initial remarks were made to outline some general limitations that should be considered when studying the results that have been presented above. The results obtained from the experiments at hand are likely to be biased towards many different interfering variables and should be met with scepticism. This, however, does not necessarily dispute their usefulness. They are surely good enough to show a rough trend of whether or not this is a worthwhile direction for future research.
At first sight, the results from the experiment with unrasterized ROIs may appear discouraging (cf. Table III) . A mean value of 6.09 for is far from being an expected, plausible result. Upon closer inspection, especially when assessing Fig. 8(a) , it becomes clear that the distribution of pulsatility ratios is strongly skewed towards higher ratios. The results further suggest that the observed skewness is mainly caused by just two cases, namely A5 and A6. Cases A5 and A6 produced results that were an order of magnitude larger than the rest. In light of this large gap, A5 and A6 can be reasonably regarded as outliers. When removing A5 and A6 from the statistical analysis, the standard deviations decreased greatly, mean and average approached each other and mostly fell into regions below 1. Cases A5 and A6 can confidently be regarded as being special with respect to the anatomy of the pictured aneurysm or the angulation of the DSA series.
A TCC extracted from the ROI inside the aneurysm corresponding to A5 is most certainly strongly influenced by superimposed vascular structures. Only a small percentage of the 2-D surface of the projected aneurysm sac seems to be clear of other vessels. In this case, averaging TCCs of each pixel in the aneurysm ROI in order to obtain a TCC that represents the ROI as an entity, seems futile. Different pixels in such an ROI are prone to exhibit a significantly different behavior. In particular, imposing a constant phase assumption on the TCCs of various pixels can, in case of A5, hardly be justified.
The aneurysm pictured in the DSA series of case A6 is the largest that was studied in the presented experiments. In case of an ROI that covers a very large region, the constant phase assumption for the TCCs of the pixels contained in the ROI is likely to be violated. In general, a shift in phase is to be expected in case of TCCs that are extracted from locations that are set apart spatially. Besides on the distance, the mismatch in phase also depends on the blood velocity. In case of fast flows, the spatial distance can be rather large while still maintaining a good agreement in phase. Inside giant aneurysms, however, the propagation speed of contrast agent would be expected to decrease in a nonlinear manner from the aneurysm neck towards outer regions of the aneurysm sac. In addition, signal pulsatility in itself is likely to be different in areas further away from the ostium. Therefore, averaging in time domain could well be regarded as unfortunate in cases A5 and A6.
These remarks seem to be supported by the results obtained from the same analysis using rasterized ROIs. Here, case 5 is inconspicuous. Case 6, on the other hand, could now be regarded as an outlier in the opposite direction. Also, much of the reason for the high ratios in case of A5 and A6 seemed to be grounded in the inflow normalization step. It is suggested that a rasterization of ROIs has a significant effect on very large ROIs and ROIs that stem from DSA angulations of aneurysms that are strongly affected by superimposed structures.
In general, the results when using rasterized ROIs were more plausible than for unrasterized ones. Mean and average values all were markedly smaller than 1. This corresponds to a significant decrease in pulsatility after FD treatment.
Inflow normalization apparently affects the pulsatility ratio; however, a general trend whether it increases or decreases is not apparent. This is not surprising since the pulsatility ratio in the parent artery is expected to change independently of the case. It is rather unexpected, however, that the correlation between the effect of inflow normalization on each aneurysm in the rasterized and unrasterized case is poor. For instance, an increase after inflow normalization in the unrasterized case does not predict the same increase, or even an increase at all, in the rasterized case (and vice versa).
In general, the pulsatility estimates in the parent artery were surprisingly diverse and in some cases implausibly high or low. Differences in the size and location of the ROIs in the preand post-treatment DSA series could have a larger impact on the ROIs on the parent artery, which are generally smaller than their counterparts inside the aneurysm. Furthermore, ROIs on the parent artery might be more susceptible to changes in parameters related to the flow conditions. Even though the inflow normalization step was incorporated to account for changes in the parent artery, some changes might be of a nature that permits a capturing by the proposed technique. On the other hand, an average value of 0.99 allows for drawing a different conclusion.
Resorting to the analysis of individual cases, the aneurysms corresponding to the cases A1, A4, and A7 are of particular interest. As pointed out in Section IV, all three belong to a group that exposed significant increase in pulsatility after FD deployment. Furthermore, in all cases, image artifacts due to endovascular devices are visible. In case of A1, was reasonable, however, the inflow normalization step seemed to be problematic. This result can be considered as being in accordance with the fact that a catheter is visible in the parent artery during the acquisition of the post-treatment DSA series. In cases A4 and A7, a medical device seems to protrude into the inside of the respective aneurysm. Therefore, both and should be expected to be influenced by this interference. When using unrasterized ROIs, case A7 seems to be less affected than A4. This could be explained by the much larger size of the aneurysm in case A7. When using rasterized ROIs, for cases A1, A4, and A7 retreated to plausible levels. This might indicate that the proposed technique is more robust towards such variations when using rasterized ROIs. From a theoretical standpoint, this is well justified.
The aneurysm, or rather the angulation of the C-arm device during the DSA run, in case A8 is remarkable as well. Due to the angulation, the aneurysm almost completely coincides with the parent artery. and are almost 1 in case of rasterized ROIs. Effectively, this means that neither the pulsatility inside the aneurysm nor the pulsatility in the parent artery, proximal to the aneurysm, changed. While it might not be desirable when aiming for a predictive quantity, the result can be considered plausible. Due to the angulation, a distinction between the aneurysm and the parent artery is conceivably hard to make. Therefore, measuring similar values in the aneurysm and the parent artery seems reasonable. This result should not imply that the FD treatment did not induce changes that can lead to aneurysm occlusion. This means that the proposed technique might be insensitive to the differences between pre-and post-treatment series and thus be regarded as inapplicable to similar cases. By their very nature, image-based approaches to FD treatment evaluation are limited in their detection capabilities. For instance, biochemical parameters might be equally important or even outweigh flow-related parameters which are accessible via methods like the one presented.
One rather discouraging result is related to cases A10 and A11. Since they are based on the same biplane DSA runs, one would expect a very good agreement between the pulsatility ratios derived from those cases. In both cases of rasterized and unrasterized ROIs, the computed quantities of cases A10 and A11 share the same trend. The actual values, however, do differ. It is of note that the corresponding aneurysm is very small and that the angulation in case A10 is unfavorable. In comparison to the DSA series corresponding to A11, superimposed structures are much more prevalent in case A10. Those factors could well explain the observed differences. Still, further studies with biplane DSA acquisitions seem mandatory for determining the view dependence of the proposed methods.
While it seems possible to reason about most results, some are rather hard to assess and underline the need for further studies. Rasterization of ROIs seems to be a measure that helps in easing the constant phase assumption while still maintaining the benefit of decreased variance due to the averaging of multiple periodograms. Inflow normalization quite certainly has an impact on the measured quantities. Whether the effect is beneficial, however, remains unclear. No claims about the predictive value of any of the described methods with respect to FD treatments can be derived from the data presented here.
Further comprehensive medical studies are mandatory to investigate the diagnostic validity and therapeutic value of the proposed quantities in a clinical setting. Certainly, the value of the proposed methodology can only be established in comparison to other proposed parameters or the conventional assessment of FD treatment efficacy. A well-defined benchmark data set comprising DSA acquisition characteristics, injection protocol parameters, as well as information on the therapeutic measures undertaken and the outcome at various follow-up times would enable such comparative studies and improve the consistency of reporting statistical evaluations. To increase its validity and clinical utility, any comparison should not just be based strictly on the predictive value of a parameter but should also relate to indication and intraoperative feasibility, with special attention to operator and patient safety.
Based on the evidence gathered in our initial pilot study and expert opinion, we would advise to preferably apply our methodology to DSA series of cases in which no further endovascular devices are present and the angulation allows for the delineation of ROIs unobstructed by other contrasted structures. Typically, this is not a major restriction since interventionalists usually optimize for such views. Nevertheless, the results also suggest that incoherently averaging the extracted signals (in frequency domain) as employed in the proposed metric derived from rasterized ROIs helps mitigate artifacts induced by sub-optimal angulations and the presence of additional endovascular devices. Positive outcome provided, we would therefore afterwards scrutinize performance in less optimal scenarios using the pulsatility ratio derived trom rasterized ROIs. For the presented study, we deliberately chose to have a number of challenging cases to evaluate the performance of our method under suboptimal conditions. In a real-word setting, we expect the portion of such difficult cases to be significantly smaller.
A study combining in silico with in vitro experiments may particularly be helpful for investigating the sensitivity and reproducibility of the proposed technique. Using an in vitro setting with an aneurysm model would be useful for investigating the correlation of the proposed parameter with particle image velocimetry measurements (cf. [24] ) obtained before and after FD placement. Employing CFD simulations in silico would allow to assess virtual angiographies featuring flows with arbitrary pulsatility patterns and acquisition protocols, which could systematically be varied to study the effect of the parameter changes, cf. [44] , [42] . Basing the in vitro and in silico experiments on identical anatomies would also open up several possibilities for cross validation.
To improve upon the methods at hand, it could also be worthwhile to investigate other PSD estimators. Especially parametric estimators might be of advantage. A specific model describing the characteristics of beat-to-beat variations in a TCC may, when employed in combination with a suitable parametric PSD estimator, be superior to the all-purpose periodogram estimator. Another idea for future work would be to study the cross power spectral density of the TCCs derived from different ROIs (for instance, proximal and distal to an aneurysm on the parent artery, before and after FD treatment). Employing more sophisticated bolus modeling approaches in the detrending step of our preprocessing pipeline could also be advantageous, at the cost of additional assumptions placed on the shape of the bolus and thus a less universally valid procedure. When thinking one step ahead, it could also be rewarding to investigate deliberately inducing oscillating variations into TCCs by means of modulating the contrast agent injection profile [45] .
V. CONCLUSION
Predicting FD treatment outcome interventionally remains an open problem. Being an emerging treatment strategy, related research efforts are rather rare and previously suggested approaches often lack thorough clinical evaluation. Besides presenting a detailed survey on existing approaches to the angiographic analysis of hemodynamics in cerebral aneurysms, we have proposed a novel method for addressing the angiographic assessment of FD efficacy in the treatment of cerebral aneurysms based on the frequency analysis of signals derived from DSA series. An initial feasibility study shows promising results, encouraging additional research efforts in this direction. Further prospective studies are paramount to evaluate the predictive value of the proposed parameters within a clinical setting.
